 (1859) 
1945 Albert Einstein wrote Fankhauser, "Most peculiar, biological structure when size and composition of components are altered, also called regulation. These prophowever, for me is the fact that in spite of the enlarged single cell the size of the animal is not correspondingly erties are not what we would expect from mechanical processes, and no machines of human design evince increased. It looks as if the importance of the cell as ruling element of the whole had been overestimated such properties. They are a manifestation of complex yet robust chemical processes, some of which we are previously. What the real determinant of form and organization is seems quite obscure" (Fankhauser, 1972) .
beginning to understand, some of which seem as remote as Fankauser's ploidy experiments. Today we might not draw such a strong conclusion about the role of the cell, but we might be tempted to ask what cell biological properties can we draw upon to explain "the real determinant of form and organization"? Spontaneous Symmetry Breaking: Actin Comet Tails What was the driving force for pronephric duct size that could operate despite changes in cell size?
In many biological systems the first step in generating spatial complexity is the breakdown of a symmetrical structure into a more organized asymmetric or polarized Self-Assembly and Self-Organization The basis of our understanding of supramolecular strucstructure. van Oudenaarden and Theriot (1999) recently described a simple model of this process in the generature has been the doctrine of self-assembly. Self-assembly is an extension of the central dogma of molecular tion of polarized arrays of actin; their explanation for spontaneous symmetry breaking in this system provides biology, bringing us from the realm of linear information to the realm of protein assemblies (Caspar and Klug, new clues to principles of self-organization. Listeria monocytogenes, an intracellular pathogenic bacterium, 1962; Oosawa and Asakura, 1975; Inoue, 1982) . It is exemplified by a virus particle, which generates a single hijacks the natural actin nucleation machinery of the cell and propels itself through the cytoplasm by triggering highly ordered (to atomic dimensions) structure that is "uniquely determined by size, number of components, assembly of a polarized "comet tail" of actin. A single secreted protein of the bacterium, Act A, is sufficient to geometry, and strength of interaction" (Gerhart and Kirschner, 1997) . Typically systems of self-assembly induce actin assembly. In their experiments Act A was purified and adsorbed uniformly on the surface of spherreach equilibrium, a state of minimum free energy. Today a postgenomic view of self-assembly would extend this ical polystyrene beads. When the beads were placed into a cellular extract, actin was initially polymerized in a concept to a description of how each gene product functionally interacts with other gene products. These symmetrical manner. With time actin assembly became asymmetric and the bead ultimately generated a single, pair-wise interactions can be used to describe protein complexes and pathways of interaction. They could form completely polarized comet tail that propelled it through the extract (Figure 2 ). the basis of our future understanding of higher level organization and information transfer in biological sysSeveral questions arise. How is a symmetrical condition transformed into an asymmetric one? How do the tems (Frederickson, 1998) .
Self-organization is an extension of self-assembly, but individual actin filaments around the bead "communicate" to each other, so that actin is only significantly employing several new chemical principles (Kirschner and Mitchison, 1986) . In contrast to self-assembly, selfpolymerized in one region and not another? Why is there always a single tail produced? van Oudenaarden and organization gives "structures under a wider set of condition; the rules tend to be more general and the strucTheriot postulate that actin polymerizing against the bead exerts a force and the bead is continually buffeted tures more variable" (Gerhart and Kirschner, 1997). Self-organizing systems are characterized by reaching by the actin pushing against the viscous nature of the surrounding fluid and the surrounding crosslinked actin a steady state, where there is continuous energy consumption and gain and loss of material. In discussing filaments. Stochastic differences move the bead and these stochastic differences are amplified by the bioexamples of self-organization, we will focus on two of the most archetypal and unusual biological properties: physical properties of actin assembly. As the bead moves, actin filaments on one side are inhibited in their (1) the capacity for unitary organization, also called polarization; and (2) the capacity to generate nearly regular polymerization, while actin filaments on the pushing side to entrain the polarized array in a specific direction. This conclusion could hold at a cellular level as well. In an example that might be mechanistically similar to Listeria, Borisy and coworkers showed that radially symmetrical fragments of motile cells could be induced to polarize and initiate persistent unidirectional locomotion by subjecting them to a weak external force from a jet of fluid (Verkhovsky et al., 1999) . A more complex example is polarization of budding yeast. In this system the initial cue is usually provided by chemical "landmarks" in the cell wall or a gradient of mating pheromone, but in the absence of these cues the yeast cell will spontaneously self-polarize on a random axis (Drubin and Nelson, 1996).
Self-Organization to a Steady State: The Mitotic Spindle
The mitotic spindle provides a more complex system in which to explore principles underlying the spontaneous self-organization of collections of proteins in the cytoplasm. The spindle is an ordered array of microtubules, motors, and chromosomes that assembles at the beginning of mitosis. Once all the chromosomes are attached others, generating rapid turnover of individual microtubules and directed movement of the microtubule lattice. These dynamics require continuous energy dissipation, notably from GTP hydrolysis coupled to tubulin polymerpolymerize more readily. Symmetry once broken is exaggerated and the system becomes stable with a single ization and ATP hydrolysis coupled to force generation by molecular motors. tail. This simple biophysical model achieves characterisSteady-state thermodynamics can help us understand some of the implications of continuous energy tics that, had they been observed in a cellular setting, might have been ascribed to external influences and dissipation by a self-organizing system like the spindle. The steady state resembles equilibrium in the sense that complex regulation or at least to intrinsic asymmetry of the nucleating structure. Despite the absence of external the system moves spontaneously downhill over some energy landscape to reach the steady state, where it forces or preorganization to break symmetry, a single polarized array self-organizes. It appears that amplificacomes to rest. If a steady state is perturbed, it will return to its preferred parameters. For example, if the length tion of a random inequality through mechanochemical coupling provided by the nondeformable bead is suffior organization of a spindle is perturbed by physical changes, drugs, or micromanipulation, and the percient to generate spontaneous polarization. We see in this example that self-organization of an array of actin turbing agent is then removed, the spindle returns to normal over a few minutes (Inoue and Sato, 1967 ). This filaments is built on the self-assembly of individual filaments. In a dynamic system a variety of configurations robustness provides error-correcting mechanisms that are thought to be important to ensure accurate chromoof these filaments can be generated from stochastic differences at the molecular level. To achieve a unitary some segregation (Nicklas, 1997). Figure 3 shows an example of a spindle responding to, and recovering structure, albeit oriented at random, requires rapid offrates and some large-scale force or structure that can from, high pressure that depolymerizes microtubules. Prigogine, building on the work of Onsager, proved that serve to link the behaviors of the individual polymers. Actin assembly is made more dynamic by hydrolysis of a system comes to steady state when the rate of free energy dissipation is minimized, at least for a system ATP in the actin subunit. The formation of a single tail is an inevitable consequence of the kinetics of assembly, not too far from thermodynamic equilibrium (Prigogine, 1955). The concept of the steady state as a thermodythe response of assembly to compressive forces, and the existence of simple boundary conditions. Thus, selfnamic minimum helps us understand the ultimate driving force behind self-organization, and may account in enerorganization can have a rather simple chemical and physical explanation.
getic terms for much of the robustness and pathwayindependence of a process like spindle assembly. In the Listeria system a weak initial bias is sufficient contents is lost when a new axis is formed, the process replication and insertion. New basal bodies form in assois a symmetry-breaking process. ciation with old ones, and the position and geometry by There are many kinds of symmetry breaking. Some which a new basal body is inserted into a row is govoccur in oogenesis (e.g., Drosophila), some at fertilizaerned by the old ones in the row (Beisson and Sonnetion (amphibians, ascidians), and some at multicellular born, 1965). We do not know the exact mechanisms stages (molluscs, birds, mammals). Some use the cyhere, but some kind of structural templating seems to be toskeleton, (amphibians, ascidians) some use internal operating (Aufderheide et al., 1999) . One could imagine a singularities such as the aster (amphibians, fish), and gradient of a diffusible factor specifying A-B position in some use the packing of cells in small groups (mouse, Stentor, though there is no direct evidence for such a nematodes). The common theme in all of these is an factor. How the circumferential axis in Stentor is generamplifying process that starts from a small random deated, and how the LSC works, are completely mysterious. Any proposed mechanism for self-organization of parture from perfect symmetry, building that into a major 
departure, which is the new axis. In most cases, the array of microtubules illustrates the self-organizing nature of the cytoskeleton, which has played a prominent orientation of the new axis doesn't matter. What does role in earlier examples. In the middle of the first cell matter is that there is one anterior-posterior axis (or one cycle, microtubules start to polymerize in the cytodorsal-ventral or left-right axis) and only one of each of
plasmic core and extend to the cortex of the egg, at first these.
rather randomly oriented and short. The egg consists of Symmetry breaking is exemplified by dorsoventral only two mechanical units, the rigid spherical core and axis formation in the frog egg (Gerhart et al., 1989; Elinthe rigid cortex shell. The cortex has motor proteins, son and Holowacz, 1995). The unfertilized egg is cylindriprobably kinesins, anchored to it, which can move on cally symmetric around its animal-vegetal axis, which the microtubules toward the plus ends, using ATP enis elaborated in oogenesis by the placement of some ergy. As the cortex can only move as a unit, it integrates materials at the vegetal pole, others at the animal pole, all the kinesin forces exerted on the nearly random miand others in between, in layers. The sperm enters the crotubules to move as a whole in whatever one direction egg randomly at one place in the animal half, and the is the vector sum. The movement of the cortex aligns embryo's definitive dorsoventral axis subsequently dematerials of the cortex that feed back on microtubules, velops with its dorsal midline opposite the meridian of stabilizing them and enhancing their polymerization in sperm entry. As the sperm can enter anywhere around that direction. With more tubules in one direction, movethe egg's circumference, the egg can develop dorsal, ment in that direction is faster and more forceful, and ventral, or lateral embryonic parts at any site, and normore materials are aligned. The reciprocal positive feedmally makes the choice based on the sperm entry site back of polymerization and rotation on each other soon or actually, on the aster formed internal to that that site. results in a parallel array of microtubules and a single However, the sperm only provides a bias, because if the direction of movement. Then vegetal materials, probably egg is activated in the absence of the sperm, it also kinesin-coated vesicles, move along the aligned tubules establishes a dorsoventral axis. The dorsal midline of toward one side. The second axis is generated as a such a perfectly formed haploid embryo is unpredictable systematic deformation of the first. and not related to the activation site. However, if a bias If the sperm aster is present, it biases the formation is artificially imposed, the organization reflects that bias.
of the microtubule parallel array in relation to its location, This can be achieved if an artificially activated egg is and hence the embryonic dorsoventral axis is spatially tipped obliquely so that the denser vegetal cytoplasm related. In the artificially activated egg, it appears that moves slightly in a direction toward gravitational equiliba small random departure from perfect symmetry is amrium, the dorsoventral axis is later formed reliably in plified, and the microtubule array is oriented in relation relation to the direction of that slippage.
to that. In the tipped artificially activated egg, materials The molecular mechanism of symmetry breaking in in the cortex are probably aligned by gravity-driven this case again involves microtubules and motors. After movements, and this favors microtubule polymerization fertilization, a thin mat of parallel polarized microtubules in that direction. Like the example of actin nucleation forms in the animal-vegetal direction just under the egg from a bead, a macroscopic rigid structure acts to intecortex ( Figure 5 ). Materials initially located at the vegetal grate the behavior of microscopic elements. In both pole, move along the tubules toward their plus ends, cases a singular result is achieved, which may or may 60Њ-120Њ to one side (Miller et al., 1999) . That side benot be randomly oriented, depending on the presence of biasing forces. comes the dorsal side. The formation of this asymmetric
Embryonic Induction and Multipotential Competence of Cells
Although the initial axes of embryos are often generated without regard to other organization, subsequent steps are performed in relation to these axes. These steps increase embryonic organization and have extensive self-organizing properties, too. Sometimes they can be seen to operate as fully self-organizing, even at multicellular stages, as examples below will show. But generally their outcomes arise in relation to already established asymmetry. The major mechanism for increasing the organization of the embryo is induction, whereby an uncommitted and multipotential population is specified by signals coming from other tissues.
At ments is essential, so that mechanical compression can The organizer induces neural plate, heart, somites, and cause disassembly of the polymer on one side of the bead. anterior gut on both sides, not just on one side.
In the mitotic spindle the high rate of microtubule depolyWith the advent of experimental embryological techmerization promoted by dynamic instability destabilizes niques in the beginning of the last century came an assembly intermediates of the spindle relative to the appreciation of the capacity of some types of embryos metaphase steady state. Mechanical forces, generated to survive many drastic manipulations. The embryonic by motor proteins, feed back on polymer stability also fragments were said to regulate in reforming normal leading to destabilization of assembly intermediates and patterns and species capable of this kind of recovery incorrect configurations. The role of high off-rates bewere said to undergo "regulative development." Part of comes less clear as complexity increases. In the case the old misunderstanding of regulation, as even implied of Stentor, pattern reformation after surgery suggests by the name, was the assumption that embryonic cells that incorrect assembly states of the cortical cytoskelehave a single path of development from a very early ton are less stable than correct ones, and that off-rates stage, and that regulation after surgery entails undoing sufficient to explore new configurations must exist. We that path and initiating another. Competence belies all have no idea what design features promote differential this. The cells have a broad range of possibilities, all stability and high off-rates but it is likely that they depend equally valid, and this state does not require undoing.
on the dynamic nature of the cytoskeletal components. If organizer signals arrive, they make one choice and if Finally, in the multicellular systems exemplified by vertenot they make another, no matter what the geometry of brate gastrulation, the final spatial specialization of popthe cut and/or healed embryo. Presumably regulation ulations of cells is not so much a reflection of thermodywas not evolutionarily selected for the embryo's survival namic steady states but states of cell specification that from surgery, but rather for two other reasons: first for are easily interconvertable. Energy dissipation might be developmental patterning to succeed in the face of the required for the physical movements of cells or for dynormal errors of cell number and cell position inherent namic signaling pathways that consume energy. in an embryo that undergoes extensive morphogenesis Two-or multi-statedness of components is again at gastrulation, and second, to tolerate mutational most obvious at the molecular level, but its applicability changes that underlie the selected phenotypic changes to cells is still clear. Two states of tubulin are generated by the binding of GTP and GDP, and their differential during evolution, thus facilitating evolution. In this sense behavior drives the dynamics that are central to spindle assembly, and possibly also to ciliate cortical patterning. Two-or multi-statedness of actin and motor proteins has formally similar origins and implications. In the vertebrate embryo the competency states for mesoderm, ectoderm, neuroectoderm, organizer, and endoderm can be thought of as alternative activity states of signaling and transcriptional pathways within the cell. These properties of competence place few demands on the accuracy in cell number and position or the sophistication of inducing stimuli. We have not had space to explore the cellular basis for this multi-statedness. Nevertheless, it is worth noting that competence is generated by signal transduction pathways, which themselves are characterized by components that exist in two or more functional states (e.g., G proteins, phosphorylated receptors, and kinases). The existence of multiple easily interconvertable states allows for systems that establish their functional configuration from among large numbers of available states by state selection. Numerous other examples exist of the biological strategy of selection from complex states, such as adaptive immunity, plasticity in the nervous system, and angiogenesis (see assured by local self-activation and lateral inhibition. In all of these systems there is an amplifying process that acts on stochastic variation to generate a single outlook at vitalism, only to underscore our need ultimately come. Cell and tissue polarity can often be elicited, to move beyond the genomic analysis of protein and oriented, and scaled by weak outside influences. Hence, RNA components of the cell (which will soon become biasing forces can direct actin arrays, orient spindle a thing of the past) and to turn to an investigation of the asters, and determine the polarity of the axis of the "vitalistic" properties of molecular, cellular, and organisembryo. Such systems are constructed to produce mal function. Such an opportunity is now possible bemany possible states but by their own design always cause of the great advances in genetics and in molecular collapse to a singular state, though not to any particular and cell biology during the past century. As it is now singular state, where the orientation is induced by weak clear that gene products function in multiple pathways biases or in the absence of bias by stochastic variation. and the pathways themselves are interconnected in netThe importance of biasing forces acting on randomly works, it is obvious that there are many more possible generated states was considered long ago by Darwin, outcomes than there are genes. The genotype, however who suggested the various tropic movements in plants deeply we analyze it, cannot be predictive of the actual were modifications of random movements (Darwin, phenotype, but can only provide knowledge of the uni-1880; West-Eberhard, 1998).
verse of possible phenotypes. Biological systems have Figure 7 emphasizes some of the major principles of evolved to restrict these phenotypes, and in self-organizinformation flow and functional adaptability in biological ing systems the phenotype might depend as much on systems, as discussed in this essay.
external conditions and random events as the genomeencoded structure of the molecular components ( Figure  7 ). Yet out of such a potentially nondeterminist world, Whither Vitalism? In the nineteenth century pattern formation, growth, the organism has fashioned a very stable physiology and embryology. It is this robustness that suggested physiological adaptability, and inheritance were considered properties of living organisms that seemed to sepa-"vital forces", and it is this robustness that we wish ultimately to understand in terms of chemistry. We will rate them completely from the inanimate world. At the turn of the twenty-first century, we take one last wistful have such an opportunity in this new century.
